This paper aims to model the day-ahead prices on the German EPEX SPOT exchange during the year 2011 using a fundamental mixed-integer programming model with focus on the changes in the volatility of prices. A model of the German market is built from publicly available data. Various constraints on the supply side such as operational characteristics of power plants are described, characterized and ultimately formulated as constraints of a cost-minimization problem. Unknown power plant characteristics are estimated by expert opinions or are inferred indirectly from other data. Several scenarios testing the impact of constraints and modelling approaches are analysed. In addition, a future scenario simulating the year 2016 is used to forecast price developments under the ongoing massive renewable energy growth. Finally, results are discussed with respect to price forecasting accuracy with a focus on the changes in the volatility of prices.
Introduction
The goal of this paper is to create and calibrate a fundamental market model for German spot prices using publicly available information. By combining information about the aggregate availability of power plants together with prices of fuels and emissions as well as estimated effi ciencies, a full supply curve for each day is created, which is then intercepted with the appropriate hourly demand to derive hourly prices. This simple "merit order" model is further improved by including various inter-temporal constraints, such as ramping rates and spinning reserve requirements, as well as start-up costs turning the initially simple linear programming (LP) model into a mixed-integer linear programming (MILP) one. Simple calibration is performed by comparing market prices with the outputs of different scenarios, which are meant to test the impact of uncertain inputs or unknown constraints.
The obtained model has multiple uses ranging from simple what-if questions designed to understand the present market conditions -e.g. what would the market price be if the availability of lignite was lower -to more complex analysis. In this paper one such complex scenario is explored to provide answers about expected prices and their profi les under increasing contribution from renewable sources. In addition, the model could be put to daily use as a price forecasting tool, if a suitable day-ahead load forecast is provided.
The structure of this paper is as follows. In Section 2 the various attempts to model German power prices from the literature are presented. In Section 3 the power market in Germany is described and the concepts of baseload and peak prices are defi ned as the simplest measures of daily volatility of demand. Additionally, publicly available data for the German power market are stated together with their transformation into a form suitable for the model. This transformation is the main advance over the existing research. In Section 4 the modelling of power markets by linear and mixed integer programming is described and the implications of various modelling assumptions are discussed. Section 5 contains a case study for the 2011 spot prices. Several model results are presented and discussed. In Section 6 the results are summarised and possible future research is outlined.
Literature Review
The literature on modelling of electricity prices is extensive and a comprehensive survey is beyond the scope of this paper. The main approaches are therefore described only in order to relate this work to the existing literature. Models for electricity prices are either based on fundamental approaches, directly describing supply and demand, or focus on modelling distributional properties of energy prices. The former approach essentially aims to explain the price as the cost of supplying the appropriate demand. Consequently, only the factors contributing to the cost of supply, such as the variable costs of the marginal power plant, are considered. In the most extreme, the latter approach can be used to model prices on its own, without any additional inputs required -a pure "time series" approach.
Most of the models fall somewhere in between those two theoretical extremes as both approaches have their merits. For example, a fundamental model may benefi t from statistical approaches when unknown or inaccurate parameters are estimated from historical or residual data to improve the model fi t.
The appropriateness of a model is also determined by the relevant time scale as the volatility of drivers also changes in time. Prices in the short term will be much more dependent on physical fundamentals, such as the level of demand, plant availability or generation from non-dispatchable sources. Conversely, long-term futures markets tend to behave like share prices as they are driven by more random inputs, such as volatilities of fuel prices. Similarly to other commodity markets, the development on the short-term market can infl uence the long-term markets and vice versa. Cointegration analysis can capture both the short and long-term relations among variables, e.g. Šumbera (2009) .
The European Energy Exchange AG (EEX) is the most important energy exchange in continental Europe providing a spot market for Germany and several neighbouring countries as well as derivatives markets for fuels and emission certifi cates. Due to its importance and regional infl uence, many attempts to model and predict prices on EEX have been made. The literature review will focus on fundamental models only. Such models tend to be based on a LP/MILP framework as it allows to capture both variable and start-up costs. These models are frequently used to investigate the possible exercise of market power. Lang (2006) investigates the question of market power by using a successive MILP model followed by an ordinary LP model in order to overcome the fact that start-up costs are not refl ected in shadow prices of the MILP. Müsgens (2006) also examines market power in Germany, but uses a multi-regional dispatch model consisting of Germany and 7 other countries. Due to the high number of plants in the model, the individual units are aggregated into eight different generation technologies. Even though the model is solved using LP, it takes into account start-up costs via a linear simplifi cation.
Fundamental models also allow to test the impact of major policy changes, such as German nuclear phase-out. Bruninx (2012) presents a detailed multi-nodal MILP model taking into account start-up costs, which represents Germany and the surrounding countries by means of 26 nodes. To test the impact of the phase-out, the author analyses 162 scenarios accounting for different load, renewable generation and cross-border interchange.
German Power Market

Market design and products
The German power market is one of the largest power markets in Europe due to the country's demand and its central location in Europe. Power with delivery to German grid can be traded both on and off exchange. Power market for delivery the next day -also known as the day-ahead or spot market -is mainly traded on the exchanges. The spot market for electricity is operated by EPEX SPOT, a joint venture owned by German EEX AG and the French Powernext SA. EPEX SPOT is the last liquid exchange for the zone where traders can offl oad their speculative positions 1 . In addition to hourly prices, two indices are computed each day: Phelix (Physical Electricity Index) Day Base and Phelix Day Peak. The former is the average of the 24 hourly prices for a day, while the latter is the average of hours 9 to 20 during working days of the week. These indices are used to calculate the settlement of futures contracts. The complement to the Peak index is the Off-peak index.
A useful measure of volatility of prices within the day is the ratio of peak to baseload prices, the peak-base ratio. The peak period, due to its coincidence with working hours and other times of economic activity, generally corresponds to the period with the highest demand. Consequently, prices in the peak tend to be 20%-40% higher than the baseload price, i.e. the typical peak-base ratio is in the 1.2-1.4 range.
EEX Transparency power market data
Market transparency in continental Europe is quite limited, in spite of recent EU regulations. In Germany, the situation is additionally aggravated by the existence of four control zones managed by four different TSO companies. In addition to several vertically integrated players, there are approximately 850 municipal energy distributors (Stadtwerke) in Germany, many of which have their own generators. Integrating information from such a high number of sources is problematic and, consequently, it is diffi cult to fi nd detailed data covering whole Germany. For example, while there are several demand statistics available in hourly resolution, their sums do not match the offi cial fi gures from German statistical offi ce available in monthly detail. Similar diffi culties arise on the supply side as well. A comprehensive power plant list published by the German Environment Ministry, Umweltbundesamt (2012) , lists name, fuel, technology, size and age of German power 1 The later, intraday market has much lower liquidity than the spot market. In 2011 total traded volume on the spot market was 224 TWh compared to only 14 TWh on the intraday market.
plants bigger than 100 megawatt (MW). However, basic technical information such as effi ciency which is essential in order to calculate plant's variable costs is not reported. The EEX exchange publishes market data on its website in order to increase the market transparency and hence the liquidity. Historically, the publication of transparency data was voluntary but in 2009 additional, statutory transparency data started to be published, EEX (2012) . The voluntary data includes daily published information such as (forward looking) installed capacity, available capacity, planned and unplanned outages. Historical generation on hourly resolution is also available.
However, the data is anonymised via aggregation, hence only the totals for each fuel-type (nuclear, lignite, coal, gas, oil, hydro) are available. In addition, the data can suffer from perimeter changes depending on individual company's decision to start or stop reporting this voluntary data. To overcome these shortfalls as well as to conform to EU requirements, the statutory transparency data is published. In spite of covering the same type of information, the statutory data is defi ned on a different but still incomplete perimeter (all power plants with installed capacity over 100 MW) and is anonymised again. Nevertheless, the statutory data covers some new areas such as actual and forecasted wind and solar generation.
Data transformation
Given the above complexities with data availability, several simplifying assumptions and transformations were made: -Every power plant in Germany was characterised as either dispatchable, non-dispatchable or excluded.
-Dispatchable plants were modelled economically in the highest detail possible, non-dispatchable plants were aggregated by plant fuel-type and modelled as mustruns 2 and excluded plants were omitted from the model.
-Since not all German power plants were included in the model, the traditional load measure (country-wide load) could not be used. Instead, total generation from all the plants included in the model (dispatchables + non-dispatchables) was used as the load.
These assumptions and transformations are graphically summarised in Figure 1 below and explained in detail in the following paragraphs. Data sources. Three data sources were used: EEX (2012) statutory and voluntary data and Environment Ministry power plant list, Umweltbundesamt (2012) . Voluntary dataset was used as the base set since statutory data does not provide hourly generation by fuel-type (except for wind and solar). In addition, the voluntary dataset has a good representativeness of the conventional plant park as shown in Table 1.   2 A power plant, whose generation is determined by its availability only, modelled as having zero variable costs. Dispatchable plants. Lignite, coal and gas power plants from the voluntary data were matched against the Environment Ministry list in order to determine their age, Combined Heat and Power (CHP) status (Y/N) and in the case of gas-fi red plants also their technology (CCGT, Gas ST, GT 3 ). Technical and economic characteristics such as plant effi ciency, minimum stable generation or start-up costs were defaulted using expert estimates for a given technology and age group. The defaulting values are listed in Table 2 and are in reasonable agreement with the assumptions found in Bruninx (2012) . Non-dispatchable plants. Nuclear generators were aggregated into a single non-dispatchable power plant and treated as a must-run. Solar and wind fuel-types were also treated as must-run and their availability was set equal to their historical generation from the statutory data.
Figure 1 | Treatment of Various Data Sources in the Model
Source: Own calculation
Power plants excluded from the model. Data regarding power plants of the oil and hydro fuel-types was removed from the set. The installed capacity of oil-fi red generation is only 6 GW and its historical generation series has many and frequent gaps. Apart from pump storage, most of hydro capacity in Germany is run-of-river 4 , i.e. a must-run, with volatility profi le much smaller than that of solar or wind. In addition, power plants not included in the voluntary dataset were (automatically) excluded from the model. Commodity prices. The EEX exchange has liquid trading in both coal and gas products as well as emission allowances of the EU ETS. The daily closing prices for month-ahead (coal) and day-ahead (gas, CO2) products were taken as the relevant fuel prices (see Figure 2 ). An estimate of transportation cost was made for coal, since the usual quotation price is for delivery in ARA 5 , not in Germany. Conversely, lignite, due to its low energy density and consequent high transportation cost, is a local fuel. An expert estimate of 1.2 EUR/GJ was used for lignite price (including transportation cost). This fi gure falls between the low case of 1.15 EUR/GJ and the reference case of 1.43 EUR/GJ found in Schneider (1998) . Other defaulting values for fuels are listed in Table 3.   4 See: EURELECTRIC (2011). Modelling pump storage stations is beyond the scope of this paper. Load. Load was defi ned as the sum of generation of the non-dispatchable (solar, wind, nuclear) and dispatchable (lignite, coal, gas) plants. Even though the analysis could be carried out without the non-dispatchables -as they contribute the equal amount to both demand and supply -they were included to improve the representativeness of the fi nal model. Not only is their contribution signifi cant to the total supply, moreover the specifi c hourly profi le of renewables means that by including them the load profi le used in the model is much closer to the profi le of the total German load. In addition, by including the non-dispatchables in the model, it is easy to test the sensitivities to their volume of generation. The resulting dataset has the following properties: -There are three dispatchable plant fuel-type groups modelled endogenously: lignite, coal and gas. Each group has known availability (daily) and generation (hourly) profi les as well as known or estimated economic and operational characteristics. -There are three non-dispatchable fuel-type groups modelled exogenously: nuclear, wind, solar. Each group has a pre-determined generation (hourly) profi le. -
The total load to be supplied from these six groups is known. Figure 3 shows the resultant supply curve, i.e. the merit order of the dataset assuming average availability together with an average level of demand.
Figure 3 | 2011 Supply Stack of German Power Market Used in the Study
Source: Own calculation
Representativeness
As electricity cannot be stored, total demand (load) has to equal the total supply (generation) at every instant. The same is true for any subset of the total. Moreover, as long as the subset covers the total set homogenously, i.e. the subset includes samples for each region of the stack, the prices obtained on the subset will be suffi ciently close to those obtained on the total set. If the subset creates no big gaps in the merit order, the reduced load will intersect the reduced supply curve on a point whose variable costs are either the same as in the total set (the original marginal plant is in the subset) or whose variable costs are close enough (it is not). The dataset used in the case study has been compared with the latest European statistics from EURELECTRIC (2011), which lists the net installed capacity for conventional power plants in Germany in 2009. In spite of some error introduced by comparing different years, the representativeness of the used dataset is fairly high for both lignite and coal, and reasonable for gas plants (see Table 1 ). On the other hand, the effi ciencies of gas plants in the used dataset range from 32% to 50% spanning the full permissible range and hence creating no bias. Renewable representativeness is 100% by defi nition. 
Modelling Framework
Nomenclature
Basic formulation
In time t, power plant i generates p it units of energy:
The total generation equals demand
subject to maximum capacity constraints , ,
and other operational constraints, which can, including (2), be jointly expressed in matrix notation as
The goal is to minimise the total costs of generation of all generators in all periods and can be expressed as an objective function
Then Equations (1), (4) and (5) defi ne a LP problem, which can be solved using standard methods.
Next there are the most important aspects of models based on the above framework: -If cardinality of T is 1, i.e. the model horizon length is 1 (hours are solved one by one), then this approach is a simple "merit order" model. Conversely, including inter-temporal constraints requires a horizon length longer then 1. Such constraints usually smooth prices as they typically constrain the total generation of a power plant which will consequently run preferably in periods with the highest prices. -The modelling of start-up costs requires binary decision variables to model the offl ine/online state of each power plant together with the necessary inter-temporal constraints resulting in a MILP problem. -The system price is the cost of supplying an additional unit of energy, which is the defi nition of the shadow price of the demand constraint (2). This price will be used as the predictor of the market price.
Constraints
Each generator can produce electricity within a certain range of values. The upper and lower limits -the maximum capacity P max and the minimum stable generation P mintypically refer to the limits of sustained generation under normal operating condition. These operating limits can be expressed as constraints , ,
, ,
where a binary variable x it is required to capture the unit's (offl ine/online). To capture the information about day-ahead availability from voluntary transparency data, constraints limiting the maximum production from all plants with the same fuel-type during a given day are formulated as
Due to the high number of plants in the model, preference has been given to simplicity of formulation over a detailed, but more accurate one. Consequently, the variable production costs are formulated using a linear relationship (even though in reality they are typically approximated using a 2 nd or 3 rd degree polynomial)
where B it is a term corresponding to the total unit variable costs, i.e. the sum of variable fuel, emission and operation & maintenance costs per unit of output
Similarly the formulation of start-up costs has also been simplifi ed. While in reality these costs typically depend exponentially on the number of hours since the last shutdown, Christober (2011) , in this paper a single start-up cost is assumed
Thermal units have limits on ramping up and down their production (in order to avoid thermal stresses leading to failure or increased maintenance costs)
, 1 , ,
This formulation works for units without a minimum stable generation P min and also if the ramp rates are bigger or equal to the minimum stable generation (P min ≤ RR u and P min ≤ RR d ). In the opposite case, the equations need to be modifi ed to allow for the unit to start-up, e.g.
 
, 1 , 1 , ,
In addition demand-supply balance, captured in (2), generators which are online must be able to handle unforeseen changes in demand, which are expressed as positive and negative reserve requirements
,
Finally, the objective function to be minimised is the total cost of generation expressed as sum of production and start-up costs, replacing the simple formulation (5)
To capture the information from historical voluntary transparency data, constraints representing must-run generation of gas CHP units are formulated similarly to the available capacity constraints above. On the other hand, these constraints are formulated with a different right hand side for each month
The chart below shows the minimum generation from gas-fi red plants for each month of 2011. A baseload component of approximately 600 MW together with a seasonal profi le driven by the temperatures of 0-700 MW (heating) are clearly visible. These values were used as the RHS in the constraints (18). The shape of the seasonal profi le is consistent with CHP generation profi le for all German power plants as reported by Müsgens (2006) . 
Case Study
The case study aims to model the prices on the EPEX SPOT exchange for the year 2011, i.e. to model 24 values for each day of the year as determined by the exchange on a day-ahead basis. The models are populated with numbers obtained from public data sources complemented with authors' own expert assessment of some power plant characteristics. To test assumptions about the modelling logic as well as to characterise uncertainty in key drivers, several modelling scenarios are evaluated using metrics chosen to accurately capture spread between the Peak and Off-peak prices. Additional scenarios simulate the upcoming changes to German energy market such as nuclear decommissioning and massive growth in renewable energy sources.
Scenarios
This data was used within a power market modelling software PLEXOS for Power Systems 6 . A base case model (BC) for the year 2011 was set-up, which includes all of the above constraints except for reserve requirements, ramp rates and run-up rates.
Additionally, six sensitivity models were set up. Two sensitivities are designed to show the uncertainty arising from expert estimates: -Base model with effi ciencies decreased by 1 percentage point (E-1pct).
-Base model with gas price increased by 10% (G1.1). Two other sensitivities illustrate the addition of some constraints: -Base model with positive and negative reserve requirements set to 2 GW (R2GW).
-Base model with run-up rates and ramp rates constraints included (Ramps).
Finally, two modelling sensitivities discard the integrality assumptions: -Linear relaxation of the Base model (BC-LR). -Linear relaxation of the Base model without start-up costs (Merit order).
In addition to the above seven models for the year 2011, a hypothetical future development scenario intended to simulate the year 2016 was set up. Only few selected drivers were changed from the base case.
The nuclear profi le was changed from the historical profi le to piecewise-constant generation profi le derived from future installed capacity of 12.1 GW and historical monthly load factors (intended to capture seasonality of outages). Renewable profi les were scaled to match the assumed trajectory to 2020 targets. Wind was scaled with the factor of 1.4 and solar with a factor of 2 7 . Apart from this scaling, the renewable profi les were not changed (essentially assuming the same meteorological conditions in 2016 as in 2011). Load was not changed. The rest of the power plant portfolio was kept the same including its variable costs. This is a simplifi cation as in reality between 2011 and 2016 new plants will be built and old plants will be decommissioned and commodity prices will likely change. On the other hand, this assumption makes the whole analysis more "ceteris paribus".
Power prices in the model were artifi cially capped between -5 and 120 EUR/MWh. The above-mentioned combination of unchanged load and increased must-run generation leads situations where must-run generation in the model is higher than load. In practice, this would be resolved by curtailing some of the wind and solar generators. At the same time, the prices on the exchange would turn negative. To simulate this, a virtual demand node capable of absorbing excess generation at a price of -5 EUR/MWh was added to the model. The total volume of absorbed energy is approximately 1% of the total generation. Approximately 220 hours are impacted, most of them occurring between April and October, i.e. due to excessive solar generation. The total impact on baseload price due to these hours is approximately -1.3 EUR/MWh. The inverse situation -load exceeding supply -occurs during 24 hours in Q1 due to decreased nuclear generation. The prices in those hours were capped at 120 EUR/MWh.
Two scenarios for the year 2016 were created: -Future case (FC) like the 2011 base case but with the above adjustments. -Linear relaxation of the future case (FC-LR). All models use a 24-hour horizon, i.e. solving one year means solving 365 steps of 24 hours each. This is consistent with the daily price-formation mechanism. 
Metrics
In order to compare the quality of the models and assess the development of prices, several different metrics are used. Average level fi t: Annual average prices for baseload (BL), peak (P) and off-peak (O) periods as well as the peak-base ratio. This group of metrics allows to determine how well a scenario matches annual average price as well as prices in periods of low and high demand.
Hourly level fi t: the Mean Absolute Error (MAE) for all hours and peak and off-peak subsets. The second group of metrics is similar to the fi rst one but takes into account the quality of fi t hour by hour. Measures of volatility: the average absolute deviation from annual and daily means of a series. The third group characterises the volatility of the 8,760 values on their own, i.e. without a reference to the historical outcomes. Consequently, its main use is to compare models representing history with those representing future states.
Results
Model results are summarised in the tables below. Table 4 compares general model characteristics such as the number of linear and binary variables, the problem size and computation time. Average and hourly level fi ts (in EUR/MWh) are shown in Tables 5  and 6, while Table 7 contains volatility measures in EUR/MWh. The following conclusions can be drawn about the historic models (2011): -All models (except for Ramps) show reasonable values for the absolute level of prices, in baseload, peak and off-peak. -Average model deviation from true prices is about 6-7 EUR/MWh. -All models (except for Ramps) underestimate the peak-base ratio as well as the deviations from both annual and daily means. -Uncertainty in heat rates (E-1pct) impacts prices by approximately 1 EUR/MWh. -Models could be fi ne-tuned for each fuel-type basis to improve the fi t. As the results of the model with 10% higher gas prices (G1.1) show, this model has better average and hourly level fi ts as well as better volatility measures than the base model. -The addition of reserve requirements (R2GW) decreases prices and increases computation time by an order of magnitude. -Simple linear relaxation of the base case model (BC-LR) achieves a reasonable fi t, fast computation time and the best Peak fi t. -Merit order approach does not capture the daily volatility of prices especially in the off-peak.
The two future models show that: -The same structural relationship between a MILP model and its linear relaxation holds (somewhat higher prices but more than twice the computation speed for the relaxed model). -Peak-base ratio will decrease in 2016, while the average deviations from both daily and annual prices are set to increase signifi cantly. -As Figure 7 shows, the hourly profi le will be altered due to increased penetration of renewable energy source especially in the March-October period when typical daily minimum will be reached during peak hours.
Conclusion
To summarise, this paper presents a fundamental spot market model which uses publicly available information such as day-ahead power plant availabilities. Even though it works only with a subset of all generators on the market, the model can create an hourly price forecast. If the power plant subset has reasonable representativeness of the total set, the model will capture the daily prices, although it still underestimates the peak-base ratio. Several scenarios are presented which capture uncertain inputs as well as illustrate the impact of different modelling assumptions. While the scenarios which model start-up costs explicitly still underestimate the peak-base ratio, they are better than a simple merit order approach. Some of the notable results of these scenarios are: -Uncertainty in estimated effi ciencies is approximately 1 EUR/MWh per effi ciency percentage point. -Inclusion of ramp rates in the model improves the hourly characteristics such as the peak-base ratio or the deviations from annual and daily means. -Addition of reserve requirements decreases prices and increases computation time by an order of magnitude. -Linear relaxation of the originally integer problem can achieve a reasonable fi t with a fast computation time as long as start costs are taken into account (i.e. simply using a merit order approach is not suffi cient to capture the volatility of prices). -Peak-base ratio will decrease in 2016, while the average deviations from both daily and annual prices are set to increase signifi cantly. At the same time the hourly profi le will be altered due to increased penetration of renewables especially in the MarchOctober period when typical daily minimum will be reached during peak hours. -As the hypothetical 2016 scenario shows, in case that the energy generated from volatile renewable sources such as wind and solar continues to increase, the volatility as measured deviation from daily average will increase causing more frequent start-ups of conventional time. At the same time the peak-base ratio will decline, indicating that this standard measure is no longer the appropriate one.
Further calibration
The model could be additionally fi ne-tuned on a fuel-type basis. For example, as the total demand of this system was designed as the sum of generation profi les of six fuel-types, one could further calibrate the model to match the given generation profi le of each fueltype. Correctly capturing the generation by fuel-type, especially of the marginal fueltype should improve the price forecast. On the other hand, the actual generation happens 12-36 hours after the day-ahead prices are formed. In the meantime, a power plant may unexpectedly come offl ine, possibly shifting the stack and consequently the generation profi le. This shift is not captured in the day-ahead information about availability and hence cannot be replicated by the model. Moreover, calibrating to generation by fuel-type can be problematic on its own. For example, for most of the fourth quarter the available lignite capacity was never fully utilised, even during hours when more expensive coal and gas-fi red plants were dispatched. While this could be explained rationally (e.g. the plant was available, but was constrained by emission or fuel constraint), an incorrect reporting is equally likely. The generation from the model led to full utilization of all available lignite capacity, thus leading to lower prices. In this case, the model would probably benefi t from some form of adjustment.
Unfortunately, it is very diffi cult to distinguish an outlier from a lasting change. One way to handle these modelling diffi culties is with a short-term auto-regressive process 8 .
Model extensions
The model could be further improved using the following refi nements and extensions:
-More detailed supply curve formulation by modelling varying effi ciency for the thermal power plants or the start-up cost as a function of time offl ine. This refi nement will result in a structurally similar, but more detailed model.
-Using generation forecasts instead of actual generation for the non-dispatchable fueltypes. This change will lead to a more consistent formulation, avoiding the problems arising when the day-ahead forecast is vastly different to the actual outcomes.
-Inclusion of other dispatchable fuel-types such as endogenous modelling of pumpstorage and hydro reservoir power plants. This would require capturing various hydro-specifi c constraints whose details are not publicly reported. Conversely, such power plants can infl uence prices in spite of having no intrinsic cost of their own merely by having the ability to switch generation from one period to another.
-Model extension to use a country-wide load signal. The load used in the current formulation is defi ned as the sum of generation of the non-dispatchable and dispatchable plants. Consequently, there is no simple transformation between the used load and the traditional load measure, the country-wide load. In fact, the difference between the two load signals is mostly the generation from the power plants, which do not report to the EEX. While their generation may be relatively stable from one 8 One could calculate the error between the forecasted and the actual generation and assume this error to persist into the next day.
day to the next, it will vary signifi cantly throughout the year (as many of them are CHPs), making the fi nding of a suitable transformation very diffi cult.
-Model extension to include cross-border fl ows (imports and exports). The inclusion of fl ows is problematic due to several reasons. First, Germany has ten different interconnections with its neighbours. Due to the existence of transit fl ows, the net fl ow would have to be included as opposed to the incorrect inclusion of only some interconnectors. Correctly estimating the price of the net fl ow when it is a net import is made problematic by the high number of borders. Second, the extra information on net fl ow is provided when it is a net export only when the model is calibrated to use the country-wide load (see above) as only then it makes sense to sum the two (due to the identity generation = load + net exports). Finally, it becomes more diffi cult to use the model in a forecasting regime as the quantity of input data that has to be forecasted increases signifi cantly.
